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Hi. Abstract 


The joint Pratt & Whitney Aircraft/Boeing Commercial Airplane Company Flight 
Loads Test was the final phase of the NASA sponsored JT9D Jet Engine Diagnostics 
Program. Prior test and analysis effort had identified a short-term engine 
performance deterioration mode which appeared to occur during predelivery 
production airplane acceptance testing and in Initial revenue service flights. 

This test program duplicated the airplane acceptance testing and representative 
flight loads which might be incurred in revenue service. Boeing conducted the 
test in a 747 airplane which was instrumented to measure flight conditions, 
flight loads on the airplane and test engines, and engine performance. Pratt & 
Whitney Aircraft provided the instrumented test engines and monitored the 
effects of engine power settings and flight conditions on engine running 
clearances, blade-to-seal rubs, and resultant performance deterioration. 

The test results confirmed the significance of acceptance testing on performance 
deterioration and identified some approaches to improved performance retention. 
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SECTION 1.0 
SUMMARY 


This report presents the results of the joint Boeing Commercial 
Airplane Company (BCAC) and Pratt & Whitney Aircraft (P&WA) test 
analysis activity which measured flight loads on the 747 propulsion 
system and resulting JT9D blade to outer alrseal running clearances 
during representative acceptance flight and revenue flight sequences. 
The resulting rub Induced clearance changes and engine performance 
changes were then analyzed to validate and refine the JT9D-7A short 
term performance deterioration model. 

The nacelle aerodynamic and engine inertial loads were measured during 
a series of flight tests on the Boeing RA001 test aircraft (747) on two 
engines by Boeing under NASA -Lang ley Contract NAS1-1S325, and the 
results are reported In Reference 1. Simultaneously! the running 
clearance and performance changes were measured on the same engines by 
Pratt & Whitney Aircraft under NASA- Lewis Contract NAS3-20632, and the 
results are reported In Reference 2. The correlation of the measured 
loads and clearance changes were undertaken cooperatively between 
Boeing and Pratt & Whitney Aircraft to penult an Improved understanding 
of the Impact of airplane acceptance testing and typical aircraft 
maneuvers and operational variables during revenue service on JT9D 
engine performance deterioration. Additionally, previously developed 
models used In the prediction of performance deterioration were refined 
to establish the Influence of these engine power and flight load 
Induced running clearance closures on JT9D-7 engine performance 
deterioration. 

The air load data developed In the program will be applicable in 

nondimenslonal form to under-wing, high bypass ratio turbofan engine 
installations Involving other airplane and engine combinations. 
However, it should be noted that the test was conducted using 0T9D-7A 
engines with -200 nacelles; therefore, the measured clearance change 
results are not necessarily representative of more advanced engine 
installations. 

The results of the tests and subsequent BCAC and P&WA analyses 

indicated the following with respect to flight loads and the effects on 
the engine: 

o Of the three types of flight loads, namely aerodynamic, Inertial 
and gyroscopic, only the first were significant and had any effect 
on engine performance. Aerodynamic loads on the fan inlet 
j provided a shear force and bending moment on the fan case which 

rV : was carried through the engine, deflecting cases throughout the 

T engine. This load on the Inlet is caused by the bending of the 

% air stream entering the Inlet. Thus the magnitude of the 

.tJJ 


o aerodynamic load If? a function of fan air flow, Inlet air angle of 
attack, and airplane speed. The maximum aerodynamic loads, which 
were greater than previously predicted by Boeing for earlier 
analytical studies on the effects of flight loads on performance 
deterioration, Reference 3, occurred at take-off rotation when the 
angle of attack was maximum and both fan flow and aircraft speed 
were high. The loads which were up and slightly outward were 
essentially equal on both Inboard and outboard engines at all 
flight eondltens. 

o Running clearances were monitored In the Inboard and outboard fan 
and the first stage of the high-pressure turbine on the Inboard 
engine. Maximum clearance closures In the fans and, It Is 
beildved, In thi unlnstruinintid low-pressure compressor stages 
occurred simultaneously with the maximum aerodynamic load. The 
maximum fan closures with resulting rubs occurred shortly after 
taka-off rotation. Variations In take-off procedure which 
permitted reduced fan flow and angle of attack resulted In reduced 
closure, hence reduced rub strip wear. No fan rubs were observed 
in the remainder of the typical flight cycle. Neither did 
possible inertial load conditions such as a hard landing cause 
rubs. 

o Aerodynamic loads also contributed to clearance closures in the 
high-pressure turbine but to a lesser degree. The prime causes of 
turbine closure were centrifugal effects and differential thermal 
expansion between rotor and case. For this reason, the minimum 
clearance condition In the high-pressure turbine occurred In climb 
when the thermal expansion, thrust bending, and aerodynamic load 
effects combined to close the engine clearance at the bottom. 
Turbine running clearances were not as tight for the remainder of 
the typical revenue flight cycle. However, high G turns and 
acceptance test maneuvers, which combined high aerodynamic loads 
and high power operation, did cause tight turbine clearances. 

Based on the results of this Flight Loads Test program, the following 
recommendations are if. Je relative to current-engine operation and 
future engine development: 

Operation 

o Use a 20-degree flap setting at take-off, whenever conditions 
permit, to reduce the maximum aerodynamic load with a reduction in 
cold section rubs. 

o Use a derated power take-off, when conditions permit, to reduce 
hot section thermal distortion. 

o Minimize high power operation ironed lately prior to start of 
take-off to prevent the combination of an Increased thermal 
expansion-induced closure and the maximum load-induced closures at 
take-off, reducing the possibility of turbine rub. 
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o Minimize the possibility of turbine rubs due to snap accelerations 
with a hot rotor and cooler case* 

o Minimize power level Increase during stall warning sequences In 
production acceptance testing. 



o Structurally Integrate the engine and nacelle design to reduce 
both the aerodynamic-load Induced and thrust-bending Induced 
closures In both the fan/1 ow-pressure compressor and the 
high-pressure turbine. 

o Investigate possible changes In production engine calibration 
testing of new and overhauled engines to reduce the time spent at. 
high power and thus reduce high-pressure turbine clearance closure 
and resulting rubs. 

o Develop abradable turbine seals such that rubs caused by the 
Inevitable asymmetric closures will open clearances locally, where 
required, rather than wear blades and open clearances over the 
full circumference of the turbine, 

o Employ laser clearance monitoring probes to measure compressor and 
turbine running clearances during engine development testing to 
better understand symmetric and asymmetric clearance closures and 
thereby achieve an engine that retains tight running clearances. 
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SECTION 2.0 
INTRODUCTION 


2.1 BACKGROUND 


7? 1d r J 9 ®Jj lho /5A 8 A of 011 §1ne ® the Organization of Petroleum 
Exporting j^un trios (OPFC) oil embargo In 1973 has resulted In a 
national effort to Increase the availability of domestic oil, develop 
alternate sources of energy, and develop near-term and long-term means 
to reduce fuel consumption. To counteract the adverse Impact of the 
world-wide fue! crisis on the aviation Industry, NASA has Initiated the 
Aircraft Energy Efficiency (AGEE) program. Included In this program 
are major propulsion projects which are addressing both near-term and 
long-term goals. The long-term activities are directed toward 
developing propulsion technology to reduce fuel consumption by at least 
]L5? rcen l n the ate 1888 ' s ancl an additional 15 percent In the early 

!h2 ft ^ T t he /e n rT a \ r 'i eir ? act1 'f J 1t j e J s are a P art of th ® Engine Component 
Improvement (EC I) Project which Is directed toward improving the fuel 

consumption of selected current high bypass ratio turbofan engines and 
their derivatives by 5 percent over the life of these engines. The 
Engine Component Improvement project Is divided Into two subprojects. 
(1) Performance Improvement and (2) Engine Diagnostics. Performance 
improvement is directed toward developing fuel saving component 
technology f or listing engines and their derivatives to be Introduced 
4 *S® time Period • Engine Diagnostics Is directed 

I fli I? ent1f ^ 1n ? and quantifying engine performance losses that occur 
during the engine s service life and developing criteria for minimizing 
tnese i ossgs* 


The first phase of the Engine Diagnostics project was the gathering, 
documentation, and analysis of historical data. The resulting 
Information was used to establish performance deterioration trends at 
the overran engine and module level, establish probable causes 
contributing to performance deterioration, and Identify areas and/or 
components where corrective action could be taken. That effort was 
completed in 1978, and the results are reported In Reference 4. 


The second phase of the Engine Diagnostics project was directed toward 
expanding the understanding of engine deterioration by acquiring new 
in-service engine performance data from a selected sample of JT9D 
engines. This Investigation was conducted during the period from 
February 1977 to February 1979. The main source of data was the Pan 
American World Airways JT9D-7A(SP) engines which are Installed In their 
fleet of Boeing 747 Special Performance aircraft. These aircraft were 
Introduced In service beginning In March 1976. Data were obtained from 
on-the-wl ng ground tests using expanded engine Instrumentation, 
J , and POftrepalr test stand data, and In-flight cockpit 
monitored data. That effort was completed In 1979, and the results are 
reported In Reference 5. 
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The third phase of the Engine Diagnostics project was directed toward 
understanding the causes of short-term performance deterioration. 
During the first few flights of an aircraft, the performance of the 
engine deteriorates relative to Its production performance level 
measured on the test stand. The effort to understand the causes of 
this phenomenon has been divided Into several subphases or activities. 
Hie fW activity was to tost and analytically tear down a low time 
service anglne. This activity was completed In Juno ot 1978, and the 
results are reported In Reference 6 . In summary, the results Panted 
te clearance changes as the major cause of the performance loss which 
woro probably tho ronult of loads Imposed on tho onglno during 1 ’]* 0 ht • 
The second activity was, therefore, directed toward 
Investigating the Impact of flight loads using an existing 
Propulsion System NASTRAN Structural Model developed jointly by Pratt & 
Whitney Aircraft and Boeing prior to Initiation ot the Engine 
Diagnostics program. This activity resulted In two reports, References 
3 and 7. In summary, these analytical studies confirmed that flight 
load-induced rubs were a primary cause of short-term performance 
deterioration and Indicated that nacelle inlet aerodynamic pressures 
during flight maneuvers were a principal cause of these rubs. The last 
activity during the third phase was a Simulated Aerodynamic Loads 
Test. For this test, an Inlet modified with a mechanical loading 
device was Installed on a 0T9D engine that was Instrumented to monitor 
running clearances In the engine. Simulated aerodynamic loads were 
then applied mechanically through the inlet to the operating engine to 
simulate various flight maneuvers. Running clearances and engine 
performance were simultaneously monitored and recorded. The analytical 
results, as reported In Reference 8 , established the effects of the 
simulated aerodynamic loads on each module of the engine. 


2.2 OBJECTIVES 

The results available from the first three phases of the Engine 
Diagnostics Program established the general causes of short-term ana 
long-term engine performance deterioration and the magnitude of each 
cause. It remained for the Flight Loads Test program to establish the 
soeciflc flight conditions and maneuvers which cause the engine case 
and rotor bending loads which, In turn, cause rubs and resulting 
performance loss. Thus, the specific objectives of this final program 
phase were: 


o To measure aerodynamic and inertia loads during flight; 

o To explore the effects of airplane gross weight, sink rate, pitch 
angle, and various typical maneuvers on nacelle loads; 

o To simultaneously measure engine clearance closures and 
performance changes resulting from these airplane maneuvers; 

o To make a final refinement of engine performance deterioration 
prediction models based on the analytical results; and 
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To make recommendations to improve propulsion system performance 
retention. 


8.3 APPROACH 

The selected test approach and degree of Instrumentation were the 
result of a Joint feasibility study (Reference 9) which considered 

a ram goals, prior test results, cost, benefits, availability ef test 
nes and airplane, and schedule. The result of the feasibility 
study was the Joint flight test conducted by Boeing Commercial Airplane 
Company (BCAC) and Pratt & Whitney Aircraft (P&WA). The Boeing 
Commercial Airplane Company effort, Nacelle Aerodyne e and Inertl;. 
Loads (NAIL) project, was funded by NASA-Langley under contract 
NAS1-1632S. The Pratt & Whitney Aircraft effort was funded b.) 
NASA-Lewls under the JT90 Engine Diagnostics program under contract 
NAS3-20632. The selected approach was to use the Boeing test n> 
airplane, RAO 01 , shown In Figure 2-1, with the two right hand engines 
and nacelles Instrumented to simultaneously measure flight conditions, 
aerodynamic and Inertia loads, engine running clearances, and engine 




Figure 2- 


Flight Test Vehicle - The Boeing test 747, RA001, was 
selected for the flight tests on the bas*s of cost and 
availability. (J24018-5) 
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The spare JT9D-7 engine, serial number P-662204, from RA001 was 
returned to Pratt & Whitney Aircraft where It was partially disassem- 
bled and then reassembled with an analytically built and Instrumented 
fan case and high-pressure turbine. Four laser proximity probes were 
Installed around the fan case to measure fan running clearances. The 
high-pressure turbine case was modified to permit the Installation of 
laser proximity probes for the measurement of first-stage turbine 
running clearances. Also Installed on the high-pressure turbine case 
were thermocouples to measure transient and steady state temperatures 
around the case throughout the flight tests. Finally, the engine was 
equipped with expanded performance Instrumentation to measure engine 
and engine-module performance before, during, and after the flight 
tests. These engine instrumentation systems are described in the Pratt 
& Whitney Aircraft Flight Loads Test program final report (Reference 2). 

The analytically built engine was calibrated in a test stand, then 
shipped to Boeing where it was installed in the number 3 position on 
the test airplane, as shown in Figure 2-2. The laser clearance 
monitoring and recording system was connected to a Pratt & Whitney 
Aircraft read-out and recording system in the test airplane cabin. The 
temperature and performance instrumentation was connected to the Boeing 
Airborne Data Analysis and Monitoring System (ADAMS). 



Figure 2-2 Primary Test Engine - The analytically built engine, serial 
number P-662204, with complete instrumentation was 

installed on the airplane In position number 3. _ . 

(Boeing, FA-122279) 


r 
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A second tan case was analytically built arul Instrumented with laser 
clearance monitoring probes. This fan case was Installed on the 

position number 4 engine, and the clearance monitoring instrumentation 
was connected to the read-out. system In the test airplane cabin. 

To measure the flight loads simultaneously with the engine data. 
Hoeing, under the Nacelle Aerodynamic and Inertial Loads (NAII ) 
Program, Installed pressure probes around the tan cowls and 

accelerometers and rate gyroscopes on the engines and mounts. 
Aerodynamic loads on the two engine Inlets were mapped by pressure 

probes on the position number 3 and 4 engines. Accelerometers on the 
Inlet, tan case, and engine mount struts monitored the inertia loads. 
Kate gyroscopes on the fan cases monitored the gyroscopic loads. The 
pressure and acceleration signals were scanned continuously and 
recorded by the Airborne Data Analysis and Monitoring System. 
Descriptions of the Boeing Nacelle Aerodynamic and Inertial loads 

Program instrumentation and data recording system are presented in the 
Boeing Test Report for the NAIL Program, Reference 1. 


Airplane flight conditions, flight loads, engine performance, turbine 
case temperatures, and engine running clearances were all recorded 
along with a time signal to the nearest. 0.01 second. Thus, airplane 
condition, flight loads, and engine response can be compared at any 
steady state or transient condition. 


The position number 3 engine was the primary data source. Lesser 
instrumentation on the position number 4 engine provided back-up data 
and the basis for comparing flight loads and engine responses for the 
inboard and outboard engine installations. 


The JT9D Fliqht Loads Test/NAIL Flight Test Program was conducted hv 
Boeing in October 1980, flying out of Glasgow, Montana. Ihe NASA 
program included five test flights. However, Boeing concurrently 
conducted an additional development test program on a new engine 
installed in position number 2. The additional flights dedicated to 
and paid for by that program provided significant additional data at no 
cost to the NASA program. 


The flight test program started with the 747 production acceptance 
test., illustrated in Figure 2-3, since the acceptance test precedes 
delivery of the airplane to the operator, and data collected in earlier 
phases of the JT9D Diagnostics Program indicated that a performance 
loss occurred during the first flight of the airplane. Subsequently, 
the effects of heavier gross weight take-offs and variation ot take-ott 
flap settings were measured. High G turns were performed to simulate 
the effects of avoidance maneuvers. 
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Figure 2-3 


Production Acceptance Test Flight Profile - This test 
pattern was the initial test of the program since it had 
been indicated that a performance loss occurred on the 
first airplane flight. 


Previous analysis had indicated the possibility of rubs occurring from 
dynamic loads which could be caused by an extreme air gust condition or 
a^hard landing. No gust conditions were encountered; however, a heavy 

gross weight, hard landing test was accomplished. 

Following completion of the tests, number 3 engine was removed from the 
airplane and returned to Pratt & Whitney Aircraft where a final 
calibration test was conducted. The engine was then disassembled, the 
fan and high-pressure turbine were analytically inspected, and the 
engine was refurbished and returned to Boeing for use on test airplane 

RA001 . 

The actual test sequence was modified slightly from the planned 
procedure; however, all of the planned test conditions plus some 
additional conditions were run. The actual ground test calibrations 
conducted and flight conditions monitored are listed chronologically on 

Table 2-1. 
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TABLE M 
TEST SEQUENCE 




Prosnuro 

Mach 



, Flight c.aoALUna 

Altitude 

LmUaa 

Onto 

Mficieuaa 

JlssiL, 

06.24-80 

8arft Engine Grwind Calibration 

Sea lovel 

0 

East Hartford, Conn. 

10-03.80 

Installed Englno Greund Calibration 

Soa Lovel 

0 

Boeing Field, Wash. 

* 

10-10-80 

Installed Englno Ground Calibration 
Fir S t Tost Flight 

0,560 

0 

Glasgow, Montana 
Glasgow, Montana 

10-11*80 




Acceptance Tost Flight: 

612,000 1b Take-Off with 20 Flaps 

Mid-cmb ^ t 

High Mach Number Cruise 
Low Mach Number Cruise 
In-Flight Relight 
Stall Warning with Flaps Up 
Stall warning with 10 Flaps 
Stall Warning with 30 Flaps 
Idle Descent 
Approach 
Touch and Go 
Thrust Reverse 

Installed Engine Ground Calibration 
Second Test Flight 

538.000 1b Take-Off with 10 Flaps 
Low-Climb 

2.0*6 left Turn with Flaps Up 
1.6-G Left Turn with 30 Flaps 
Airplane Stall 

10-20-80 Third Test Flight 

647.000 lb lake-Off with 10 Flaps 
Installed Ground Calibration 
Fourth Test Flight 


10-11-80 

10-18-80 


10-20-80 

10-25-80 


710.000 lb Take-Off with 10 Flaps 

780.000 lb Take-Off with 10 Flaps 
(Simulated) 

690.000 lb Landing 

10-25-80 Fifth Test Fljflht 

Maximum Mach Number Flight 
Maximum Dynamic Pressure Flight 
2.0-G Right Turn with Flaps Up 
1.6-G Right Turn with 30 Flaps 

10- 25*80 Installed Ground Calibration 

11- 05-80 Installed Ground Calibration 

01-09-81 Bare Engine Ground Calibration, 

As -Received 

01-12-81 Bare Engine Ground Calibration 
after Vane Trim 


101-1 

103 

104 

105 
107 

109 

110 
111 
112 

113 

114 

115 


2.560 

17.200 
35,500 
35,500 
27,900 
17,000 

16.200 
17,000 

8,500 

6,000 

2.560 
2,560 

2,560 


0.25 

0.60 

0.86 

0.77 

0.72 

0.39 

0.35 

0.27 

0.44 

0.27 

0,26 

0.18 


Glasgow, Montana 
Glasgow, Montana 


101-2 

102 

116 

117 

123 

2,560 

5,900 

8,400 

8,200 

9,000 

0.24 

0.39 

0.49 

0.26 

0.21 

Glasgow, Montana 

101-3 

2,560 

0.25 



2,560 

0 

Glasgow, Montana 




Glasgow, Montana 

118 

2.560 

3,660 

0.25 

0.30 

Glasgow, Montana 

106 

108 

120 

121 

37,000 

24,500 

8,200 

6,300 

0.91 

0.84 

0.48 

0.27 



2,560 

2,560 


See Level 0 


Sea Level 0 


Glasgow, Montana 
Glasgow, Montana 

East Hartford, Conn 
East Hartford, Conn 


. ^ BA . farrv flloht was made on 10-6-80. However, both 

■ W'jitt ss?<siss j »»»* > >„« »« * =*». 

or were measured. 


Tho Initial test flight duplicated the acceptance flight with the 
exception of the maximum Mach number and maximum dynamic pressure 
cruise conditions. An engine ground calibration and fan Inspection 

were conducted following this Initial flight of the test program. 

Hurl ng the second test flight, the acceptance test 10-degree flap 
si'tlinii take-off and climb-out was conducted. High G turns and an 
airplane stall were also Included In this test flight;. Rubs were noted 
on the fan rub strips. 

The third test flight Included a higher gross weight take-off (6a?, 000 
pounds) with flaps set at 10 degrees. Additional fan rub was noted. 
The third ground calibration followed the flight. 

The fourth test flight was conducted with take-off at the highest gross 
weight that; was feasible for the airplane and conditions (710,000 
pounds). At 1000 feet, above ground, a 1.3-6 pull-up was executed to 
simulate the aerodynamic loads which would occur during a 780,000-pound 
gross weight take-off to obtain data for the final take-off test 
condition. The airplane landed with a gross weight of 690*000 pounds 
at. a high sink rate (5 feet/second) in an effort to establish a dynamic 
load condition. Rubs were noted on the fan rub strips. 

The final test flight was then flown to conduct the remaining two 
acceptance flight conditions (maximum Mach number cruise and maximum 
dynamic pressure cruise) and the high 6 turns to the right which were 

added to the program. The fourth ground calibration "followed this 
t 1 1 ght , 

Two additional flights were then conducted to complete the companion 
test program on the position number 2 engine. Then a final installed 
calibration was conducted. The airplane was then ferried to Seattle, 
and the test engine was removed and returned to Pratt & Whitney 
Aircraft. 


The initial bare engine calibration was then repeated at Pratt & 
Whitney Aircraft in the as-received condition. The fan blades were 
then washed, th» vane trim was checked, and the calibration was 
repeated. 

An analytical teardown and Inspection were then conducted on the fan 
and high-pressire turbine from the primary test engine and the 
instrumented fan case which was installed on the position number 4 
engine. 
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SECTION 3.0 

DATA COLLECTION AND ANALYSIS METHODOLOGY 


3.1 LOADS DATA 

This category of data Includes the f 1 1 ght loads, namely the aerodynamic 
loads on the fan Inlets and the Inertial loads. Engine power Induced 
loads which contributed to the clearance closures namely centrifugal, 
thrust, fan axial and thermal were not measured directly. Their 
clearance closure effects were either measured or computed. 

The aerodynamic loads on the inlets were determined by integrating the 
measured pressures over the Inner and outer surfaces of the Inlet 
(Figure 3-1), giving net shear loads and moments about the fan Inlet. 

The inertial loads were due to accelerations and gyroscopic effects. 
Accelerometers and rate gyros were Installed on the test engines and 
supporting structure Including the strut-to-wlng Intersection, and the 
loads were computed from the recorded acceleration rates. 

3.1.1 Data Collection 


The aerodynamic loads on the position numbers 3 and 4 engine Inlets 
where determined by continuously measuring the pressures on the Inside 
and outside of those Inlets and converting these pressure data Into 
shear loads and bending moments. Reference 1 presents a detailed 
description of the pressure measurement system. The Inboard engine 
(number 3) was chosen for the more extensive pressure mapping since the 
aerodynamic load effects were expected to be greater on this engine, 
Figure 3-1. Fewer pressure taps were Installed on the outboard engine 
(number 4) with sufficient measurements to indicate relative load 
levels between the Inboard and outboard engines. 

Instrumentation for intertlal loads consisted of accelerometers and 
rate gyros located on the engine and pylon (Figure 3-2) and the 
aircraft center of gravity* These Instruments were used on both test 
engines and at their fore and aft wing and pylon Interface. For 
angular accelerations two axes of a three-axis rate gyro mounted on the 
two test engines were used. Additional accelerometer and rate gyro 
description is contained In the Flight Loads Test report (Reference 1). 

Accelerometers were placed on the engines so that lateral, vertical, 
and longitudinal accelerations were measured at the positions 
identified on Figure 3-2. Rate gyros were placed at 3 o'clock In the 
fan case and were used to measure pitch and yaw rate. A total of six 
accelerometers and one rate gyro per engine permitted calculation of 
the translational and angular accelerations at the engine center of 
gravity. 


PRECEDING PAGE 81 . A M NOT VHMUD 
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Figure 3-1 Inboard Inlet Pressure Taps 


Accelerations were measured at the pylon/wing Interfaces. The lateral 
accelerations were measured at the wing front spar and rear thrust link 
attach point (Figure 3-2). The vertical accelerations were measured 
Inboard and outboard of the front spar attach point and on the rear 
thrust link attach point. In the longitudinal direction, accelerations 
were measured only at the front spar. F.ach interface had a total of 
six linear accelerometers. 

Basic airplane information was recorded, including pitch, yaw, and roll 
angles along with side-slip and angle of attack. Angular accelerations 
about all three axes were measured at the aircraft center of gravity. 
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3.1.2 Analysis of Loads Data 

The pressure readings taken from the 252 ports on the position number 3 
engine and the 45 ports on the numter 4 engine were integrated using a 
Fourier-Bessel interpolation in the circumferential direction and a 
linear interpolation in the axial direction. 

The axial pressure distributions for each of the selected flight 
conditions were determined and plotted graphically, examples of which 
are shown in Figures 3-3 and 3-4. The pressures are plotted In terms 
of pressure coefficient versus nominal arc lengths. Each flight 
condition is covered by two plots, one (inlet pressures) pertaining to 
the rows of pressure ports that extend all the way into the inlet 
(i.e., 0 ■ 0 degree, 60 degrees) and the other (cowl pressures) 

pertaining to the rows that extend to the trailing edge of the fan cowl 
(i.e., e ° 30 degrees, 90 degrees). 


Nomina! arc length from highlight, in 


Figure 3-3 Engine Number 3 Inlet Pressures; Condition 101, 612,000 
pound Gross Weight Take-Off with 20-degree Flaps 
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OF POOR QUALITY 

To compute resultant air loads fr*om the pressure data, a previously 
developed computer program was used. It approximates the Inlet and 
cowl geometry as a series of conical frustums and adjusts for the tilt 
of the axis with respect to the nacelle centerline by Insertion of 
wedge-shaped surfaces. Figure 3-5 shows the coordinate system for the 
resultant loads* [Note that the resultant shear loads and moments are 
all referenced to the "A" flange (the fan-to-lnlet Interface). The 
moment at the engine front mount, at the rear of the fan case, di to 
the aerodynamic load Is about 50 percent greater than at the A" 
flange.] This procedure was checked by comparison to a method based on 
a complete three-dimensional geometry definition. Resultant forces 
differed by less than three percent, and resultant yaw and pitching 
moments at the engine face differed by less than 1 percent. (Rolling 
moments differed by 3.5 percent but are not significant loads.) 



Pitch and yaw rates as well as accelerations were recorded throughout 
all test flights, The data was plotted In graphical form for the 
selected flight condition time frames. Figure 3-6 shows the normal 
accelerations »t the aircraft center-of-gravlty during the hard landing 
at the end of the fourth flight and Is typical of these plots. Engine 
acceleration data were filtered to pass frequencies below 40 Hertz 
(Hz). Pitch and yaw rates were filtered to pass frequencies below 5 
Hertz. 
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Tine six accelerometers In the nacelle measured linear accelerations. 
The measurements were used to determine the six components (three 
linear and three angular) of accelerations at the center of gravity. 

Assuming a rigid body motion of the nacelle, the measured accelerations 
(a) are related to the engine eenter-of-gravlty acceleration (A) by: 

(a) = [B] (A) 0) 

where [B] Is a six-by-six transformation matrix that depends upon the 
location of the Instrumentation In the nacelle. The equation 


(A) o [3]“1 (a) 
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provides the history (A) based on the measured time history of (a). In 
this manner (A), whose components are Ax, Ay, Az, 0 , 0 • and 0 , was 
determined and the values obtained for each time point of Interest for 
either comparison with previous predictions or use In further analysis 
using the finite element model of the 747/JT9D propulsion system. 


The preparation of finite element grid point forces for subsequent 
structural modeling was accomplished by integrating pressures over the 
aerodynamic Surface mesh, then transforming the mesh forces to the 
structural surface representative of the finite element mesh. 


G loads were generated by applying an Inertia load factor to the finite 
element mass matrl x to generate grl d point Inert 1 a forces. 


Gyro moments for each rotor grid point were generated by multiplying 
the pitch or yaw rate by one-half the grid point transverse mass moment 

of Inertia times the rotor speed. 


3.2 CLEARANCE CLOSURE DATA 

Running clearances of the fans In both engines and of the first turbine 
stage In the position three engine were monitored throughout the flight 
testing and the installed ground calibration testing using a laser 
probe system developed for the prior Simulated Aerodynamic Loads Test 
program. Measured clearances, exact time, and engine speed were 
recorded on video tape for subsequent analytical comparison with flight 
loads and other recorded test parameters* 

High pressure turbine case temperatures on the number three engine were 
also monitored continuously to provide transient and steady state 
thermal effect data for use In the analysis of clearance changes In the 
turbine. 
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3.2.1 Pata Collection 


Twelve laser probes were Installed on the two engines. Four were 
mounted to measure fan blade/outer air-seal running clearances In the 
outboard engine. The locations are shown on Figure 3-7. The Inboard 
engine was equipped with four similarly mounted fan clearance probes 
plus four probes to measure first-stage high-pressure turbine blade 
running clearance. The turbine probe locations are shown on Figure 
3-8. There were seme limitations on probe location; hence, the 
selected positions were as shown on Figure 3=7 and 3=8. Bottom dead 
center (+10 degrees) was avoided due to the possible build-up of 
contaminants that would blind the probes . 



REAR VlfcW LOOKING FORWARD 


Figure 3-7 Angular Location of Fan Blade Laser Proximity Probes - Four 
probes, located 90 degrees apart, provided adequate 
clearance monitoring data. 


The four clearances measured by the laser probes in each of the three 
probe systems as well as engine speed and time were recorded 
continually on video tape every 1/30 of a second for subsequent 
transient and steady state analysis and comparison with loads. A 
description of the laser clearance monitoring system and Its operation 
is Included in Reference 2. 
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Figure 3-9 High-Pressure Turbine Case Thermocouple Locations - All 
circumferential locations are measured clockwise, looking 
forward. (024018-24) 


3.2.2 Analyses of Clearance Data 

Clearances and case temperatures were measured and recorded throughout 
the flight tests and ground calibrations. A reference set of 
clearances was established based on the recorded clearances at 
stabilized ground Idle power level immediately prior to the first test 
flight. Subsequent clearance closures at conditions of Interest were 
then defined by correcting the measured values to these reference 
values. The analytical interpretation of these measured blade-to-case 
closures can be described as the combination of engine power-induced 
effects and flight load effects. 

Engine power-induced closure Is the result of: 

o Blade and disk axlsymmetrlc growth caused by power-induced 
centrifugal and thermal loads, 

o Case axlsymmetrlc and asymmetric growth caused by power-induced 
thermal expansions of rotating and static components, and 

o Thrust-Induced asymmetric bending of the engine. 
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Flight load-induced closure Is the result of: 

o Asymmetric bending of the engine due to aerodynamic loads on the 
Inlet cowl, 

o Gravitational (G) loads and gyroscopic (gyro) loads associated 
with airplane maneuvers, and 

o Dynamic vibration Induced closures. 

The laser system measured the total clearance change at each probe at 
an Instant In time. This closure Is the algebraic sum of the above 
effects which were acting at the time of measurement. Separating these 
effects was accomplished by using various combinations of measured data 
and previously developed structural and thermal analytical models. As 
an example, total axlsymmetrlc closure was determined from the average 
of the four closure readings. Centrifugal force induced axlsymmetric 
closure was computed knowing rotating hardware characteristics and was 
checked by measuring the Instantaneous total axisymmetrlc closure 

change coincident with a fast acceleration or deceleration. 

Aerodynamic load effect was calculated using finite element analysis 
techniques and measured aerodynamic loads and was checked by comparing 
measured closures immediately preceding and following take-off rotation. 

The power-induced axlsymmetric closure was measured both on the ground 
and at altitude for different stabilized engine speeds. It was 

necessary to measure these closures at both conditions since fan 

clearance was significantly less at altitude as a result of reduced gas 
bending loads on the blades. 

The axisymrnetric closure at a particular time in the flight cycle, 
together with the cold build clearance, defined the gaps available for 
the accommodation of additional deflection due to external flight loads. 

Axisymrnetric and asymmetric closures were evaluated for each flight 
condition; however, only the maximum closures that contributed to 

engine deterioration were fully explored. 

The asymmetric closure due to thrust and flight load-induced engine 
bending was Isolated using the NASTRAN (NASA STRuctural ANalysis) 

finite element mathematical model of the JT9D/747 propulsion system 
with the measured loads and calculated thrust levels as input. The 
mathematical model was jointly developed by Pratt & Whitney Aircraft 
and Boeing and began with an identification of below-the-wi ng 

propulsion system substructures which were provided by each party. 
Since primary emphasis in the study was on behavior of the engine, the 
wing was not Included. By excluding the wing, the nacelle/strut 

combination could reasonably be assumed to be symmetric about a 
vertical plane through the engine centerline, and the engine behavior 
could then be calculated with a half model for much less cost than for 
a full model. 


ORIGINAL PAGE IS 
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Substructure Interfaces were chosen where subassemblies were 
mechanically joined (that Is, mount points, flanges, etc.). Detailed 
finite-element models of the engine static structure (cases and bearing 
support frames), rotors, and thrust yoke were provided by Pratt & 
Whitney Aircraft. Rotors were modeled as beams with discrete masses 
Input directly. Boeing provided the Inlet* strut, and tall-cone models. 

Secondary structural components (fan and core cowls, fan and turbine 
reversers, stator assemblies), accessories, and plumbing were Included 
as discrete or distributed masses as appropriate to bring the mass 
properties of the model to within 5 percent of the actual hardware. 
The final static model consisted of eight substructures with 
approximately 1 1,000 degrees of freedom, as shown In Figure 3-10. 


Boeing Commercial 
Airplane Company 
(BCAC) c 


* - - y* * 

*T‘ Strut 



BCAC 



11,000 Static eedoms 
in entire moth 1 

Reverser, cowing, etc. 
included in analysis 


Figure 3-10 JT9D/747 Integrated NASTRAN Finite Element Structural 
Model - The model consists of eight substructures with 
approximately 1 1,000 degrees of freedom. (020152-9) 


The flight acceptance profile incorporated in the model includes the 
proper combination of measured nacelle loadings, engine thrust, Inertia 
and gyroscopic effects, base-line clearances, and air-seal/blade 
abradability factors. Exposure to thrust and maneuver loads results in 
deformation of propulsion system structural members and leads to 
relative motion between static and rotating components of flow-path 
seals. If tho motions are larger than can be accommodated by the 
available clearances, rubs and wear (air-seal /blade tip rubbing) will 
occur and result in Increased operating clearances between blade tips 
and outer air seals. Abradability factor, determine the trade-off 
between blade tip and outer seal wear. Performance Influence 
coefficients for each engine stage are then used to determine the 
performance loss due to these increased operating clearances. 
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High '•pressure turbine case metal temperatures at the front and rear 
flanges, shown previously In Figure 3-9, were recorded simultaneously 
with performance and clearance parameters during each of the test 
conditions. The case temperature data were recorded on the Hoeing 
Airborne Data Analysis and Monitoring System (ADAMS). The data tapes 
were then processed by Pratt & Whitney Aircraft to define transient and 
steady state temperature patterns In the radial, axial, and 

circumferential directions. 

Analytical models for predicting the steady state and transient thermal 
growth characteristics of the turbine assembly were validated and, 
where necessary, corrected using the case temperature, gas temperature, 
and directly-measured clearance data. Turbine case thermal expansion 
response rate to thermal transients was found to be faster than 
predicted by the analytical models, which were subsequently revised. 
The revised models were then used In the analysis to establish and 
quantify the various causes of clearance closure at the critical ground 
test and flight conditions. 

3.3 PERFORMANCE DATA 

Expanded performance Instrumentation was installed on the instrumented 
inboard engine during the preprogram and postprogram bare engine 
calibrations at the Pratt & Whitney Aircraft Middletown (Connecticut) 
test f ac111ty and throughout the ground and flight testing with that 
engine Installed on the airplane. The engine used in the flight 
program was equipped with expanded instrumentation sensors as described 
below In this section. 

The engine performance Instrumentation used in the bare engine 
calibration and In the flight test program Is listed on Table 3-1. The 
measurements In the test stand and on the airplane are essentially the 
same with the principle difference being that thrust is directly 
measured in the test stand but not on the airplane. 

When the engine was Installed In the test airplane the engine 
performance instrumentation was readout and recorded by the ADAMS 
system thus providing a simultaneous recording on clearance, flight 
loads, engine performance and airplane flight condition data. 

A preflight performance calibration of the newly assembled engine was 
made In the Pratt & Whitney Aircraft test facility In Middletown, 
Connecticut. After the engine was Installed In the number 3 position 
on the airplane, a five-point Installed base-line ground calibration 
was conducted at Boeing Field, Washington. This base-line calibration 
was repeated after a functional check flight and the ferry flight to 
Glasgow, Montana when It was learned that air was Inadvertently being 
bled from the engine during the original Installed calibration. Each 
of the subsequent test flights was followed by a ground calibration. 
Upon completion of the NAIL program flight testing, several additional 
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No. of 
Probes 


1 
8 

Pt2, Ps2 8 

Pt2.5 6 

Pt3 3 

Ps3 3 

Ps4 1 

Ps 51 1 

Pt7 6 

Peel 1 fan 8 

Pc ell primary 4 

Taitib 

Tt2 8 

Tt3 1 

Tt4.5 3 

Tt6 6 

Tt7 6 

Tf 


Specific humidity 

thrust 

Wf 

N1 

N2 

Vane Angle (0 ) 

EVC 

Condition Lever Angle 
Bleed Valve Positions 
Cross feed Valve 
Precooler Exit Valve 


flights were made for the JT9D-7R4 engine development program being 
conducted In conjunction with the NAIL program. Then a final Installed 
calibration of the NAIL engine was conducted prior to the ferry flight 
back to Boeing Field and removal of the engine. Two postfllght 
performance calibrations were conducted In the Middletown test 
facility, one In the as-received condition and a second calibration 
after a vane trim check and fan blade wash. See Table 2-1. 

Build clearances were measured In the rebuilt fans and hi gh-pressure 
turbine prior to the start of testing. Rub depths were measured around 
the alrseals of the two fans after each ground calibration and test 
flight. Finally, an analytical teardown of the fan and high-pressure 
turbine of the number 3 test engine were conducted after the test 
program to Identify the magnitude and location of all blade and seal 
wear In these new components. 
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SECTION 4.0 
RESULTS 


4.1 MEASURED LOADS 

4.1.1 Steady cr Quasi-Steady Loads 

Table 4-1 gives the resultant air loads along with key aircraft 
parameters for 23 flight conditions selected for analysis. Note that 
pitching and yaw moments are about the "A" flange (the f an-to-i nlet 
Interface). The moment about the engine front mount is approximately 
50 percent greater. 

Four take-offs [one with 20-degree flaps and a 612,000-pound gross 
weight and three with 10-degree flaps and gross weights of 538,000, 
647,000, and 780,000 pounds (simulated)] were selected for detailed 
loads analyses. Time histories of resultant loads were calculated for 
the purpose of correlating maximum clearance changes, whenever they 
occurred, with the aerodynamic loads* For the 780,000-pound take-off, 
which was simulated by a pull-up maneuver at 1,000 feet above ground 
level, data for the analysis were recorded when the correct airplane 
lift coefficient was reached. 

The 612,000-pound gross weight take-off with 20-degree flaps (condition 
101-1) was the initial take-off for the entire test program (see Table 
2-1). Peak load was reached at seven seconds after rotation. The 
pitching moment at the A-flange was 329,000 inch-pounds. 

The 538,000-pound take-off with 10-degree flaps (condition 101-2) was 
the acceptance test flight take-off. Note that while the gross weight, 
air speed, and fan flow rate were all less than for the first take-off, 
the pitching moment of 401,000 inch-pounds was 22 percent greater than 
that for the first take-off. This difference in pitching moment was 
due to the greater rotation angle required with the lower flap setting 
to achieve required lift for take-off. The measured "airflow vane 
angles" on the right and left sides of the cabin reflect the variations 
in the inlet angle of attack, Figure 4-1. These angles are plotted on 
Figure 4-2 for the take-off condition along with the pitching moment. 
Note that in this ten second period of near constant ground speed and 
engine speed, the pitching moment appears directly proportional to the 
change in vane angle with the peak again occurring about seven seconds 
after start of take-off rotation. 

The third take-off was executed at 647,000 pounds gross weight and 
10-degree flaps (condition 101-3). Although flap and power settings 
were the same, the aerodynamic loads, Figure 4-3, were greater than 
those for the second take-off because of higher air speed at lift-off. 
(Mote* however, that the increase is less than proportional to the 
increase in gross weight.) 
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Figure 4-1 Inlet Angle of Attack - The Inlet angle of attack («) 1 $ 
defined as the angle between the Inlet centerline and the 
local relative wind that would prevail If the 
englne/nacel le/i nlet were not present. 


The simulated high gross weight take-off (condition 118) was conducted 
during the fourth test flight. The actual gross weight was 696,500 
pounds. The simulation was achieved by performing a pull-up, starting 
at 185 knots and 3646 feet pressure altitude (about 1000 feet above 
actual ground) to produce the same airplane lift coefficient that would 
occur during a 780,000-pound take-off. The moment at the A-flange was 
430,100 inch-pounds. 

Figure 4-4 presents a plot of pitching moment versus take-off gross 
weight for the four test take-offs. The benefit of the reduced 
aerodynamic load with the 20-degree flap setting is obvious. 

As seen on Table 4-1, the take-off conditions provide the maximum 

aerodynamic 1oi<ds for normal revenue service (conditions 101, 102 
through 105, 113, and 115) and for the acceptance test flight 

(conditions 101-2 and 102 through 115). However, three other 
conditions are of interest because of possible adverse combinations of 
aerodynamic loads and thermal transients in the engine. Figure 4-5 
shows a time history of the pitching moment at the engine face, engine 
airflow, and body vane angle for condition 110 (stall warning with 

10-degree flaps). The maximum moment (305,000 Inch-pounds) coincided 
with maximum engine airflow, although the maximum vane angle occurred 
earlier In the maneuver. The result shows the sensitivity of 

aerodynamic loads to fan Inlet airflow as well as to inlet angle of 
attack and air speed. 

The second conditions of Interest are the left and right hlgh-G turns 
(conditions 116, 117, 120 and 121). The left turns combined high angle 
of attack and high airflow with resultant high aerodynamic loads. The 
right turns were executed at a lower power level (fan airflow). The 
resultant loads were comparable In the vertical axis (Fx and My) but 
lower In the lateral axis (Fy and Mx). 
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The third condition of Interest was the airplane stall (condition 123) 
which occurred during the second test flight, The moment peaked at 
367,000 Inch-pounds. This relatively high load level resulted from a 
Very high angle of attack* The pitch and yaw rates were both about 5.8 
degrees per second, and the g level was 1.27. These factors In 
combination made It an Interesting ease to examine In detail. 

Review of the test data Indicated that the measured aerodynamic 
pressures on engine number four were very close to the pressures of 
engine 3, implying that the flight loads were about equal. 
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Figure 4-3 Inlet Air Load Moment 
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Figure 4-4 Pitching Moment at Take-Off versus Gross Weight and Flap 
Setting. 


The Inertial loads for the 23 flight conditions are shown In Table 4-11 
for the Inboard engine and Table 4-1 1 1 for the outboard engine. Normal 
once-per-f 1 Ight accelerations measured during take-off and typical 
revenue flight did not exceed 1.3 6. The exceptions were the high G 
turns (conditions 116, 117, 120, and 121) In which accelerations 
reached 2 G's. In these cases, the differences between the G loads 
measured at the airplane center of gravity and those measured at engine 
numbers 3 and 4 were within the scatter of the data. This Indicates 
that the engine-mounted accelerometers sensed only the steady 
accelerations of the whole airplane and that there were no significant 
contributions from either wing or nacelle flexible (vibration-induced) 
modes. 

Similarly, the pitch rates during simulated normal revenue service did 
not exceed 3 degrees /second with the peaks occurring prior to the 
maximum aerodynamic load condition. The exceptions were the high G 
turns and the airplane Stall (condition 123) where the rates exceeded 6 
and 5 degrees/second, respectively* 
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TABLE 4-1 1 

INERTIAL DATA FOR ENGINE NUMBER 3 
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.60 

-1.9 

.10 

109 

NDA 

! -.1 

.91 

- .20 

- .37 

110 

NOA 

i -.1 

1.24 

.37 

- .25 

111 

NOA 

: -.12 

.91 

- .74 

- .49 

112 

NDA 

1 -.1 

1.04 

0 

- .IS 

113 

NDA 

i -.1 

.961 

- .73 

-1.64 

114 

NDA 

1 -.1 

1.1 

.5 

- .24 

115 

NOA 

-.15 

3.02 

- .5 

0 

116 

-.27 

j -.25 

1.98 

3.99 

-1.8 

117 

-.25 

| -.40 

1.60 

6.49 

-3.9 

120 

-.25 

; -.30 

1.96 

5.13 

3.4 


-.25 

-.20 

1.57 

6.70 

5.2 

B3H 

-.35 

L_hL_ 

1.27 

5.6 

5.5 


Acceleration coordinates are Nacelle axes per Figure 3-5 

Pitch rate: Positive, nose up. 

Yaw rate: Positive, right turn. 

NDA ■ Accelerometer Failed to Operate Properly. 

TABLE 4- 1 1 1 

INERTIAL DATA FOR ENGINE NUMBER 4 


Lineal Acceleration Angular Velocity 
G's Oeorees/Second 


itch 








4.1.2 Transient Dynamic Loads 

An analytical study of the "Effect of Time Dependent Loads on JT9D-7 
Performance Deterioration", Reference 7, utilized Boeing-supplied data 
and the NASTRAN finite element mathematical model of the JT9D-7/747 
propulsion system to evaluate the possible effect of a transient 
dynamic load on engine running clearance closures. Vertical wind gusts 
during flight, a typical landing, and a high sink rate, heavy gross 
weight landing were the conditions evaluated as possible candidates. 
The analysis showed Insignificant additional clearance closure due to 
the vertical gust and normal landing cases but did Indicate a possible 
dynamic load condition coincident with a hard landing. Therefore, it 
was pi anned durl ng th 1 s f 1 ight test program to monitor any gust 1 oad. 

The closest condition to a high sink rate (10 feet/second), normal 
gross weight (490,000-pound) landing that was achieved was a 5 
feet/second, 690,000-pound landing. The vertical acceleration was 1.63 
G's at the airplane CG (see Figure 3-6) and 1.7 G's and 2 G's at engine 
numbers 3 and 4, respectively. Normal landing accelerations were 1.1 
G's at the airplane CG and 1.3g at the engines. 

Gusts affect both aerodynamic and Inertial loads, which must be 

considered simultaneously. The aerodynamic load arises directly from 
the change of Inlet angle of attack associated with gust component of 
the relative wind. The inertial load is produced by the airplane's 
motion in response to the gust. No appreciable turbulence was 
encountered in the flight program, so this combined effect was not 
observed. Nevertheless, it was possible to establish the sensitivity 
of the inlet aerodynamic loads to angle of attack changes caused by 
gusts. In the simulated maximum dynamic pressure (q), push-over 
maneuver, loads were measured over a range of airplane angles of 

attack. From these data it was determined that the derivative of 
pitching moment with angle of attack at that Mach number and altitude 
was 87,736 inch-pounds per degree. 

To put this figure in perspective, consider a maximum air speed 
condition, 375 knots Equivalent Air Speed (EAS) (747 maximum operating 
air speed) at an altitude of 20,000 feet. (This condition was chosen 
as a "worst plausible" case, much faster than economical climb, cruise, 
or holding speed.) At this altitude, a gust with a velocity of 36 
feet/second can be expected about once in 800 hours of flying 
(Reference 10). The true air speed at this EAS and altitude is 984 

feet/second, so that a gust with a velocity of 36 feet/second would 

produce an angle of attack change of 2.1 degrees. Allowing for the 8.5 
percent higher actual (as opposed to simulated) dynamic pressure, a 
pitching moment change of 200,000 inch-pounds would be caused by the 
gust. This moment is about half of the nose-up pitching moment to be 
expected routinely at take-off. 
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4.1.3 Comparison Wi th Past Predictions 

The Pratt & Whitney Aircraft, "Effect of Steady Flight Loads on JT9D-7 
Performance Deterioration" study, Reference 3, and "Perfonnance 
Deterioration Based on Simulated Aerodynamic Loads Test," Reference 8, 
were both based on predicted Inertial and aerodynamic loads provided by 
the Boeing Company. The measured and computed values based on the data 
from this program generally support the earlier predicted values with 
the following exceptions. 

1. The actual aerodynamic shear loads and moments at the critical 
conditions (take-off and climb) were considerably higher than 
predicted. See Table 4- IV. This Is partially due to higher actual 
angle of attack than predicted. 

2. The cosine law for the circumferential pressure distribution 
assumed in the analysis of the simulated aerodynamic loads data is 
only a rough approximation of the actual distribution, especially 
in the critical region near the highlight. 

3. The phase angle of the cosine distribution is about 20 degrees from 
the vertical near the highlight and approaches zero degrees farther 
i nto the i nlet. 

4. The accelerations were lower than predicted due mainly to the 
absence of vertical gusts included in the prediction but absent 
during flight testing (see Table 4-V). 

4.1.4 Revision of Load Exceedence Curves 

The flight test program was not long enough to generate sufficient 
statistical data to establish the basis for revisit* s to previously 
used exceedence curves. Exceedence curves are statistical plots which 
provide estimates of the number of times a load level Is equaled or 
exceeded versus total number of flights. These curves are used to 
determine ratios of once-per-fli ght to once-per-several -fli ghts loads. 

The flight test, however, provided a basis for improved modeling of 
engine performance deterioration. Flight acceptance testing is 
performed over a narrow range of take-off gross weights, 500,000 to 
550,000 pounds. Flap setting and pilot technique, however, will vary 
and, consequently, the loads experienced by different airplanes will 
vary. However, a 10-degree flap setting is typical of most production 
acceptance flights. Therefore, the 538,000-pound (condition 101-2) 
take-off was selected as representative of acceptance testing. 
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Shortly after the airplanes enter revenue service, take-off gross 
weights win Increase t* the rated limits depending on routes being 
flown and the payload, .'so runway lengths and ambient temperature 
variations will dictate Hap settings and operating procedures. On 
this basis It was assumed that the heavy gross weight, 10-degree flap 
take-off conditions would be experienced within the first 50 flights by 
some airlines. This would Increase the aerodynamic loads experienced 
by those airlines. 

Finally, It was assumed that gust loads (based ori earlier estimates), 
high G maneuvers* and airplane stall flight loads would occur randomly 
over the airplanes life during climb and cruise conditions. These 
flight loads and rest, nt clearance closures were then applied 
statistically to the cllmu and cruise to determine additional peak load 
and closure conditions occurring later in engine life. The rate of 
occurrence of each condition was based on Boeing- derived exceedence 
curves. 

These assumptions were used in the final updating of the rub induced 
performance deterioration model. 

4.2 CLEARANCE CLOSURES 

The previously defined objectives of this program were to measure the 
flight loads on the nacelle/engine combination and the effects of these 
loads on the fan and high-pressure turbine clearance closures. 
However, it is the total closure in running clearances that causes the 
rubs and, hence, opening of running clearances and loss of 
performance. Therefore, the total axi symmetric and asymmetric closures 
in the fan and high-pressure turbine at the critical running clearances 
as well as the factors contributing to each type of closure in each 
module must be known. Only with this knowledge can methods be 
formulated to minimize clearance closure-induced rubs. 

In the fan, there appear to be five types of loads that influence 
clearance closure, as shown in Figure 4-6A along with the causes of 
these loads. In the turbine there are six types of loads, as snown in 
Figure 4-6B along with their causes. 

The laser proximity probes In the fans of the positions number 3 and 4 
engines and in the first-stage high-pressure turbine of the position 
number 3 engine measured the absolute clearances, and recorded these 
measurements on video tape, 30 times per second. By comparing various 
combinations of these data from more than 100 engine hours of video 
tape data, it was possible to segregate the effects of rotor speed, 
altitude, thrust, aerodynamic and inertia loads, and thermal expansion. 
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SYMMETRIC CLOSURE 






0 ROTOR SPEED - POWER 
o BLADE TIP AXIAL MOTION - 


FAN CLEARANCE 
CLOSURE 


NONSYMNElRIC CLOSURE 
o BACKBONE BENDING 


POWER 


POWER, 

ALTITUDE 


0 AERODYNAMIC LOADS - ANGLE OF ATTACK, 

- FAN AIRFLOW, 

- DYNAMIC PRESSURE 


0 INERTIA LOADS - MANEUVERS 

Figure 4-6A Fan Clearance Closure - Closure in the fan results from 
engine power, altitude, angle of attack, fan airflow* 
dynamic pressure, and maneuvers. 


SYMMETRIC CLOSURE 


CLEARANCE CLOSURE 


o ROTOR SPEED - POWER 



o THERMAL GROWTH OF 
DISK AND BLADES 


N ONSYMMETRIC CLOSURE 
0 BACKBONE BENDING 
0 AERODYNAMIC LOADS 


TIME AT POWER 


. POWER 

- ANGLE OF ATTACK 

- FAN AIRFLOW 

- DYNAMIC PRESSURE 


o INERTIA LOADS - MANEUVERS 

0 THERMAL GROWTH OF 

CASE AND SE ,LS - TIME AT POWER 


Figure 4-6B High-Pressure Turbine Clearance Closure - Closure in the 
Turbine results from engine power, time at power, angle of 
attack, fan airflow, dynamic pressure, and maneuvers. 
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4.2.1 Fan Clearance Closure 


Running clearance closure between the fan blades and the outer air seal 
was at maximum during take-off, Immediately following rotation. The 
pinch point was slightly Inboard of bottom center of the engine. Tight 
clearances at the bottom also occurred during the airplane stall, stall 
warning, and high g turn maneuvers. 


rnnhfnjHn! ^ es 5 d a * a i. e .i S ^ ab V sbed that fan clearance closures are a 
comb nation of axl symmetric closures and asymmetric closures, as 

previously outlined on Figure 4-6A. Axlsymmetrlc closures are caused 
by engine power-induced loads. The combination of centrifugal growth 
and axial deflection of the rotor/blade assembly establishes the 
ax i symmetrical closures. Asymmetric closures are caused by both engine 
y 9 ® nera i® d f °rces. Backbone bending forces due to thrust 
hntlom 1 it °y alize the fan case, reducing running clearance at the 
bottom. Aerodynamic loads, further deflect the fan case. Finally, 
inertia loads cause additional asymmetric closures. 

C J osur ? 1! a maximum at altitude conditions when rotor 
speed is high and the gas path loading on the blades is low. 

ffla * inu j m at take-off When the combined effect of 
thrust backbone bending and aerodynamic loads is greatest. The 

a^ miC 4 . 0ad function of the degree of turning of the fan 

tnlnlwf str f e , am ( ef ^tive angle of attack) and the quantity of air 

rotJt?on Pilaff ThU i S * the ® ngine Power level and take-off 

rotation angle establish fan clearance closure. 


w M Ir a | U lL^i C Jlt a : a ^ a C i l0SureS 0n th ® Position numbers 3 and 4 engines 
?!IL' SSent ’ a \. y ® qua1 as were flight loads under all fliqht 

f 0nS J3 1 . ndi , catin l 9 that fan rub-induced performance deterioration 
is independent of engine position. oration 

L^^ttlr°“ Ca rt S ^u Cl0sur 1 du f t .° P° wer effects is a combination of 
axi symmetric growth associated with low-pressure rotor (Ni) speed and 

cnnTittlTnf f thr h? t I 1ndU 5 ed * ® ngin ® bending. Axisymmetric closure 
ripnJrffn ° f . fan . b lad ® and hub centrifugal and thermal growth, fan blade 
deflection due to gas-path loads, and case thermal growth. 

bl e di g nr n e nHp° f fa th li f ? n 0Uter a J r seal is such that forward axial 
bending of the fan blades, caused by gas-path loads, opens the blade 

tip clearance. However, at altitude lower gas-path loads, compared to 

bend a 7*t l ?! Sed 0n the fa " blades * ^sulti ng Tr ! less 

bending of the blade and tighter axisymmetric running tip clearance. 

^!* ur A d r ?* isy T*} r } c fan clearance change from a stabilized ground 

N ? cneid reS hJJu d 1n .[ igur ® 4 " 7 as a function of low-pressure rotor 

miht SP r!iih b °J? °5 J he 9 lr 0und and at alt1tude * based on ground and 
light calibration data. The net thermal expansion effect on thp fan 

cTo?^ d f»r aS thi S „ al lT 1nC,,Jd ? d 1 , n / ,9ure 4 ' 7 - XvmtrtS clearance 
Hi e f f . or l he Portion numb er 3 fan at each of the test conditions 
are summarized on Table 4-VI, column 3. 
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Figure 4-7 Measured Axlsymmetrlc Clearance Change - Ground and flight 
calibration data show that clearances are tighter at 
altitude compared to sea level for a given engine speed. 


Since the thrust reaction Is carried through the thrust frame, which Is 
offset 30 degrees above the engine horizontal centerline, there Is a 
backbone bending moment generated about the engine horizontal axis. 
The resulting engine bending (as illustrated In Figure 4-8) causes the 
front flange of the fan case to deflect upward more than the front 
section of the low-pressure rotor which results in reduced fan blade 
clearance at the bottom of the engine. The thrust load effects on 
blade clearances In the position number 3 fan for each of the test 
conditions are shown on Table 4-VI, column 4. 

Table 4-VI lists the fan maximum clearance closure and location of the 
pinch point for each of the test conditions as computed from the 
measured clearance values on position numbers 3 and 4 fans. The table 
also lists the axlsymmetrlc closure and thrust-induced and flight 
loads-induced asymmetric closures for each condition. The axlsymmetrlc 
closures are computed from the measured values and validated using the 
actual fan speed. The thrust and flight loads closures are computed 
using the NASTRAN finite element mathematical model of the JT9D/747 
propulsion system using measured flight loads test data and computed 
thrust loads. 

The thrust load effect on JT9D fan running clearances was computed 
using previously developed analytical models which were validated by 
test data from this program. 
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Figure 4-8 Typical Backbone Bending Plot for the JT9D Engine - A 
backbone bending moment resulting from the engine thrust 
reaction causes the front flange of the fan to deflect 
upward more than the front section of the low-pressure 
rotor. (024318-1) 


The combined effects of power loads on fan running clearances are shown 
on Figure 4-9 which plots the running clearance measured at the four 
probe locations during a stabilized ground idle, run up to power, 
ground calibration, and the first test take-off (101-1). The probe 
locations are shown in the lower left hand corner of the figure. 
Engine power level is proportional to the plotted fan rotor speed 
(Nj). Reading from the left, the engine operated at stabilized 
ground idle for 6 minutes. The idle running clearance indicated at the 
lower two probe locations is about 0.050 inch greater than at the upper 
two probe locations due to the offset grind in the fan outer air seal. 

The engine was then accelerated to approximately 80 percent of take-off 
power. As engine speed increased, the centrifugal force effect 
axi symmetrically reduced the running clearance at all four probe 
locations. This effect can be seen in Figure 4-9 during the initial 10 
seconds of the acceleration. As the static thrust increase, the 
resulting backbone bending effect opened the clearance at the top and 
closed it further at the bottom of the engine. The net effect at the 
end of this acceleration was to close the clearances by 0.068 inch 
axi symmetrically plus an additional 0.023 inch asymmetrically at the 
lower probe locations. At the subsequent increase to full power (640 
seconds) there were additional closures with the axisymmetric and 
asymmetric closures of about equal magnitude. 


45 


ot»" u ** 

o\ 




4 


6 , 


1 L 

*r* fp 
to* M 
a 

ri 


|r* K 
P re p 


)r r 

; mi 




ririmn 
(M MO M 3 OQ 
CN CM CM Jm 

• •if 

9999 


gsss 

rinriH n 5 imN 


@ ro W> ^ 

PPQff m 

» • • I 

*?«?*?*? 


J? 

«=> M3 *T 
.H CM <M 

rO Q ro rri 

• e*j * i 

9 ^ 


cr» ♦ 

CT» rH < 

rO CN < 


riFiPri 

i » i i 

9999 


) PQ Kf 01 

> «■ m 01 


M9 ( 


> en rn 
ro O 


• • * i 

9999 


rt CM 


oo ro 

wo K 

ro ri 

99 


►— re 


5 Sl 

ss e 

** o 


o 

d 

a 


s 

_> 

o 

£ 

Q 


oo 

a: 

Ui 


© 

5 


to 

© 

CL 


« 

R 

cR « 


'f= (Q 

a, w 

J 


Sp. £ 
B re 5j 
£ «g g! 

cl 


t flj 

I = 

© © 


- ff 1 

re a, 

4-1 w 

c o 


4 -> a* 
£ (A U 
01T3 3 

s g IS 


k. -M, 
4-i l/» 

a> 3 


£ fc| 

1 1 

C 


PM t | 
Q 01 I I 
CM f«t 


CM CM (M (M 

9999 


CM to to » 
©oo© 

???? 


ro ro ^ © 

* 3 * © CM f> 

cm cm cm cm 
• » • • 

9999 


If) ^ K ff) 
CM CO «?f* V 


©o 


?99 


<\j rv fs. 

oooS 

9999 


© N* N* © 

gggl 

9999 


CM (Ml cm Co 
O © © © 


•H NfO 
III© 


© © © 


£5&*iS( 

CM 1=4 *=* PM 

9999 


01 

P=t 

CM 


1111 


O Q 

_ - p=a *f 

*=*< CM CM CM 


(VI 

© 


01 01 

9 9 


«“> © f** VO 

0i tf) €h 

P=l put © pet 

9999 


*=* © cm j 

999 


U*> to © ^ 

ssis 

J | ® ! 

® CM 00 
f*l H R 

122°. 

iii j 

9999 

9 

999 

999 

SiSSS 

P-4 *-4 pH •-’t 

cm to yn 

.ass 

UO to IX) «V 

S K S Ri 

25SJR 

CM © CM CM 

9999 

999 

9999 

9999 

*V tp ro at 

oooS 

ur> ro to 

>521 

2!£"Sffi 

ssss 

g&g!^ 

© © <»t fM 

9999 

' 999 

9999 

9999 

2§SS 

go re* wn 
o ro cm 

] © © © 

O' © »-4 QS 

ssgs 

§§SS 
© © © © 

9999 

999 

9999 

9999 

cm tr> rv ov 

gSSo 

Oj «T ^ 
. 0^0 

gs a 

© p- 4 © r-4 

©So! ft 
© © © © 

9999 

‘999 

^ © © © 

odd© 

i i i 

S oo £ 

NNgS 

© 0^ co no 

to o*. «a> r*. 
ro cm cm 

© © 0> © 
CM *»H ^ CM 

dodo 

© © © © 

©‘do© 

©odd 


18 gig 

M t=i i=l 


P*» © 

^ © 

r=l CM CM 

t * • 

999 


ee S o’ 
SSo 

999 


i£« <a 

sss 

999 


ill 

999 


© © © 


© © to 
© © <-< 
© l-H 

999 


« ^ 
•a- Nj csj 


fS{C2g i2feS2! o h rj co in to ^ ©^.r*? 

2222 2222 =2 — 2 ^ K rv CM 

HiHtH h mnhh n wn m ^ ^ 


« 

# * 


W l/l in w 
o. O. CL CL 
*0 »D to HJ 

Li* U. U. Ll. 

R222 

jo jz x jr 

V 4 J ii 4 J 

‘5 » » ’5 

V*». U-. U- 4- 
U- 4- U* »*- 

9999 

O) CJ 0) Qj 

k »t) ^ re «3 ^ 
>“ >f-H ct> 

X 3 JZ X 3 JO re 

g poo e 

0O0‘~ 
O o o O i/I 

rj co ^ w 

t-4 no <3* 00 
ICtntDK 



ist’8 

-j £ s; -j 


*& 

cs 

4l IT 

U. tft •— 
in u. 

fc LO 

^ 4-»CL *J 

3 ‘Si U ’* 

u oe c •- 
re 5 , p 
K +J © C 
_ ^ re 

if 1 !* 

.^£.gr 

k i x re 
re c m *j 


■& 


i/> tr 


SR 

JC £ 

»►“ •f*' 

% » 

»> Ch 

c c 4 -> 

■** ‘1* c: 

c p tu 
L t U 

re re tn £ 
3 » eb u 
© re 

^ ^ C L 

re re •— ex 
4-> *j tr cl 
oo t/> •— ec 


in 

a 3. 
© re 


ui R 

x: © 

*J 4*> 
it* *re 

» S 


5^ 


> 4J 4J 

t) DVU. 
C tK QJ QJ 

re .j j 


0 3 1 I 

g 


3. a 
53 JS 

in u. 

& 

u* ^ 

£ £ 

‘5 * 

1 1^ 
re 

+i 4-> *-> 

**“ ttJ 
d CL' C 

© to w. 


Measured clockwise fra tjp of engine, as viewed fr© the rear 
Insufficient laser proximity probe data to define pinch point- 


ORIGINAL PAGS 83 



Figure 4-9 Change in Fan Running Clearance from Stabilized Ground Idle 
to the First Take-Off - Take-off at 612,000 pounds with 
20-degree flaps resulted In a 0*060-1 nch closure in the 
position number 3 fan. 


The significant flight loads, which occurred during conditions of high 
power and high angle of attack (Table 4-1), were in an upward and 
slightly outboard direction due to the effect of the fuselage on inlet 
airflow. These loads on the inlet were transmitted to the fan cases 
causing an additional upward and slightly outboard deflection. This 
effect is seen in Figure 4-9 immediately following take-off rotation 
(condition 101-1) when this force is a maximum. The measured 
clearances open at the top and close at the bottom. 

The computed flight load Induced closures at the pinch positions for 
this take-off and the test conditions are listed in column 5 on Table 
4-VI based on NASTRAN model and the measured flight loads. 

Column 6 on Table 4-VI sums the three computed closure effects for each 
test condition at the pinch location. The difference (column 7) 

between this value and the estimated pinch position closure based on 
laser measured closures (column 8) represents the sum of possible 
measurement errors and NASTRAN model limitations. 

The effects of take-off flap angle and gross weight on flight loads 
(Figure 4-4) also apply directly to fan clearance closures and rub as 
shown on Figure 4-10. 
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Figure 4-10 Effect of Take-Off Gross Weight and Flap Setting on Local 
Fan Clearance Closure at Take-Off - Change In flap sett 1 no 
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Figure 4-H Axisymmetri c and Asymmetric Clearance Closures During 
Typical Take-Off and Climb - The minimum clearance pinch 
occurred about 200 seconds Into the climb. 


51 


the rotor faster than the cool turbine case can expand. This 

deceleratlon/acceleratlon effect Is explained In detail In the 
"In-Service Engine Data Report", Reference 5. 

The clearance closures during the stall warning, (condition 111), 
avoidance maneuver (condition 116), and airplane stall (condition 123) 
each combine high power and high angle of attack maneuvers. Thus the 
centrifugal, thermal, thrust bending, and aerodynamic effects are all 
large and contribute to clearance closure at the bottom of the engine. 

The approach (condition 113) and touch and go (condition 114) test 
flights show aerodynamic flight load effects also. These effects also 
are due to the combined effect of high angle of attack and power 
level. Note that for the touch and go the high data point was recorded 
following the rotation and, hence, was similar to take-off. 

Data for the remaining test conditions were taken during level flight, 
and the flight load effects were Insignificant. 

4.3 DYNAMIC LOADS EVALUATION 

During flight, the engine Is subjected to three types of loads. Normal 
flight at constant thrust, altitude, and heading subjects the engine to 
steady state loads. During a thrust change or controlled maneuver, 
quasi -steady state loads are imposed on tne engine. Qynamlc loads on 
the engine result during a sudden inertia load such as that caused by a 
significant vertical gust or a hard landing. The effects of such 
dynamic loading on the JT9D engine were investigated during an 
analytical study conducted as part of the third phase of the Engine 
Diagnostics Program. The results of this study, presented in Reference 
7, included a prediction that an insignificant level of JT9D-7 engine 
performance deterioration would occur as a result of a vertical gust 
encounter. The hard landing case was more complex, and a firm 

quantitative estimate of the extent of rub damage could not be 

analytically determined. Therefore, the hard landing case was added to 
this Flight Loads Test program to experimentally measure the effect of 
a hard landing on far; and high-pressure turbine running clearances and 
engine performance. 

No Gust loads were experienced during the flight test program. 

However, as discussed in Section 4.1.2, the worst plausible gust would 
have caused an equivalent aerodynamic load less than one-half that 
experienced at take-off such that the resulting closures would not have 
been significant. 

The hard landing was conducted at the end of the fourth test flight at 
an estimated sink rate of 5 feet/second and an airplane gross weight of 
690,000 pounds. Both approach power level and airplane angle of attack 
were greater than normal due to the high gross weight. Hence, the 
resulting aerodynamic plus thrust load-induced fan clearance closure 
was much greater than normal for the landing approach. 
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At touch down the fan clearance as measured by the laser probes closed 
an additional 0.015 Inch, then opened when the engines were throttled 
back prior to thrust reversal (see Figure 4-12). The tightest fan 
clearance was equal to that at maximum gross weight take-off. There 
were no sharp surges In laser monitored fan blade tip clearance at the 
time of touch down. Neither were there any marks In the fan rub strip 
to Indicate sudden impact with the fan blades. 
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Figure 4-12 Effect of a Hard Landing on Fan Clearance - The landing at 
a 5 feet/second sink rate and 690,000-pound gross weight 
had only a small effect on clearance in the fan of the 
position number 3 engine. 


High-pressure turbine laser measured running clearance, as shown in 
Figure 4-13, also indicated no sudden clearance closure at touch down. 
The net effect was that the Impact of the high sink rate landing had 
small effect on fan clearance and no effect on turbine clearance. The 
combined effect of aerodynamic forces and Impact force would be even 
less in a high sink rate landing of a revenue service airplane where 
landing gross weights would not exceed 600,000 pounds. 

In summary, the dynamic load test results were not as conclusive as 
could be desired, but the indications were that dynamic loads are not 
the cause of rub-induced blade seal wear. 
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Effect of a Hard Landing on High-Pressure Turbine 
Clearance - The landing at a 5 feet/second sink rate and 
690,000-pound gross weight had no effect on clearance in 
the high -pressure turbine of the position number 3 engine; 
clearance closure occurred later when engine was 
accelerated in thrust reverse mode. 


4.4 MEASURED PERFORMANCE CHANGES 

Preflight and postflight engine calibrations measured the rub-induced 
performance deterioration. The results validated prior pred i c 1 1 o n s 
(Table 4- V III). Fan performance decreased progressively through the 
program due to increasing aerodynamic loads. High-pressure turbine 
performance deterioration occurred during initial preflight 
calibrations when extended high power operations maximized t 
clearance closure due to centrifugal, thrust bending, and thermal 
growth effects. This closure caused the turbine rub. Clearance 
measurements during these ground tests and subsequent flight tests 
Indicated that had rub not occurred earlier, it would have occurred 

duri ng c 1 imb. 

The test engine installed in number 3 position (S/N 662204) was a high 
time UT9D-7A engine which was partially rebuilt for the ^t program. 
A new fan outer air seal was installed to overhaul standards in 
combination with high time fan blades to achieve near-production fan 
build clearances. 


The high-pressure turbine was rebuilt with new first- and second-stage 
blades, new second-stage vanes, and new outer and 1 nner gas-path 
seals# The second-stage blade clearances were within engine build 

specification values. However, the first-stage blade clearances were 
built about 0.006 Inch tighter than new engine build clearances. Thus, 
the test program was expected to result In rub and deterioration of the 
fan performance equal to the level of that In a new fan undergoing the 
planned test conditions. The high-pressure turbine performance 
deterioration was expected to be slightly greater due to the Initial 
tight clearance of the first stage. Finally, no deterioration was 
expected In the remaining engine modules. The results of the program 
showed the expected rub-induced performance loss as compared with prior 
data (Table 4-VIlI). Performance change resulting from this program Is 
discussed In detail In Reference 2. 


TABLE 4 -V 1 1 1 

COMPARISON OF NAIL PROGRAM MODULE DETERIORATION 
WITH PREVIOUS PROGRAM RESULTS 


Module 

Historical 
Oat a 

Analysis 
(149 Cycles) 

Change in 

In-Service 
Engine 
Analysis 
(150 Cycles) 

P&WA Testing 
of P-695743 
(141 Cycles) 

Simulated 

Aero 

Loads 

Test 

NAIL 
Flight 
Test of 
P-662204 

TSFC {%) at 

Sea Level Static 

Take-off 

Thrust 

Fan 

+0.1 

+0.2 

+0.1 

40.2 

+0.2 

Low-Pressure Compressor 

+0.2 

+0.4 

+0.4 

+0.3 

- 

High-Pressure Compressor 

+0.3 

40.2 

40.3 

40.2 

- 

High-Pressure Turbine 

+0.4 

+0.4 

+0.6 

+0.5 

+0.5 

Low-Pressure Turbine 

40. 5 

+0.1 

40.1 

40.1 

- 

Total 

+1.5 

+1.3 

+1.5 

+1.3 

+0.7 
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4.5 MODE |. REFINEMENTS 

A 0T9D engine performance deterl oration prediction model has been 
developed In the Engine Diagnostics Program. This model predicts the 
JT9D-7 engine deterioration with usage due to the effects of the three 
principle causes: blade-to-seal rubs, erosion In the cold section, and 
airfoil thermal distortion in the hot section. 

This final phase of the Engine Diagnostics Program developed a better 
understanding of tne causes and effects of blade-to-seal rubs and the 
resulting opening of running clearances throughout the engine. As 
previously stated, clearance closures, which result in rubs when the 
build clearances are exceeded, are caused by a combination of fllght- 
and power-induced loads. This final phase evaluated those clearance 
closures and rubs caused by airplane acceptance testing and simulated 
revenue service and made a final refinement of the model based on these 
results. 

The model uses a NASTRAN finite element model of the JT9D-7 for 
calculation of aerodynamic load, inertia load, gyroscopic load, and 
thrust bending load-induced asymmetric clearance closures. These 
closures, the initial build clearances, the axlsymmetric closures, and 
any thermally induced asymmetric closures are combined with 

abradability factors In a postprocessor to determine blade and seal 
rubs in each stage at each flight condition and power setting. 
Performance influence coefficients are applied to the clearance changes 
in each stage to determine the performance change In each engine 
module. The final model of performance deterioration with engine usage 
was then determined by selecting the likely extreme operating 
conditions to which the airplane engine will be subjected, computing 
the performance deterioration with each condition, and plotting this 
likely deterioration with usage. Figure 4-14 is such a plot for the 
0T9D-7. Note that usage is plotted as flight cycles rather than hours 
since the three primary performance deterioration modes are functions 
of take-off cycles more than of flight hours. 

The engine and module performance deterioration models were developed 
based on the initial historical data (Reference 4). Then they were 
updated and refined based on the results of each successive phase of 
the Engine Diagnostics Program. These models, which are shown in 
Section 6 of Reference 2, relate the engine performance loss from new 
(changes in thrust specific fuel consumption and exhaust gas 
temperature) and the module performance loss (changes in efficiency and 
flow capacity) to engine flight cycles from the initial acceptance 
flight through 2000 revenue flight cycles. The models assume no engine 
repair out through 2000 cycles. The exception is the high-pressure 
turbine where hot section maintenance is assumed to start after 1000 
flight cycles. Subsequent repair of hot and cold sections is assumed 
to maintain performance at or near the 2000 cycle level. 
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Figure 4-14 JT9D-7 Engine Performance Deterioration at Cruise. 
y (J 2621 6-21) 


All known contributors to the performance loss are included in the 
deterioration models. These damage mechanisms include blade-to-seal 
clearance increases in all stages resulting from rubs due to flight 
loads, thrust bending of cases, and centrifugal and thermal expansion 
effects; changes in cold section airfoil geometry, blade-to-seal 
clearances and surface roughness due to erosion of blades and seals; 
and finally thermal distortion of hot sections parts due to extended 
high temperature operation and changes in temperature pattern factors. 

This final revision of the JT9D-7 Performance Deterioration Model 
incorporates the following changes relative to the models developed 
from the earlier phases of the Engine Diagnostics Program (Reference 8). 

1. Input aerodynamic, inertia, and gyroscopic load effects were based 
on loads computed from the actual measured inlet pressures and 
accelerations from the Flight Loads Test program. The critical 
aerodynamic loads on the inlet (at take-off) were 36 to 80 percent 
greater than the estimated loads used previously. 

2. Axisymmetric closure in the high-pressure turbine was revised to 
reflect the measured case thermal response which was more rapid 
than previously estimated. 



3. The combination of flight conditions which represents a typical 
production acceptance flight (first flight prior to airplane 
delivery) was established by Boeing as a 550,000 pounds gross 
weight, full power, take-off with 10-degree flaps. Clearance 
closures measured In conditions 101-2 and 102 through 115 were used 
to establish the acceptance flight performance bases. 

4. Additional rub-induced performance deterioration during early 
revenue service assumed that the rubs resulting from heavy gross 
weight (780,000 pounds), full power take-off with 10-degree flaps 
(condition 118) are likely to be encountered In the Initial 50 
revenue flights. 

5. Longer term rub-induced deterioration Is assumed to be caused by 
random Instances of gust (based on prior estimates), high G turns 
(conditions 116, 117, 120 and 121), and stall-induced (condition 
123) clearance closures occurring as additional closures during the 
climb and cruise conditions In revenue flight. The probability of 
occurrence of these additive effects during climb and cruise are 
based on the Boeing exceedance curves plotted on Figures 40, 41 and 
42 In Reference 3. 

6. Tip clearance Influence coefficients on engine performance were 
updated to reflect results of the latest In-house testing and 
analysis of the JT9D components. 

A complete discussion of how the measured and calculated running 
clearance changes, measured rubs, and measured performance changes were 
used to update the performance deterioration prediction models Is 
Included in Section 6 of Reference 2. 

The breakdown of engine deterioration with usage by module and by 
primary deterioration mode as determined by the final refined model Is 
summarized on Figure 4-15. It shows the change In thrust specific fuel 
consumption at take-off condition following the acceptance flight prior 
to delivery, then after the 500th* 1000th, and 2000th revenue flights. 
Note that the model assumes hot section repair after 1000 flights to 
stabilize high-pressure turbine deterioration. Note that the 

low-pressure compressor and high-pressure turbine are the prime 
contributors to rub-induced performance loss. 

The comparable Increase in engine exhaust gas temperature (E6T) at 
take-off engine pressure ratio (EPR) level Is: 

Completed Flights 
1 500 1000 2000 

Exhaust Gas Temperature 

Increase (°C) 11 18 24 30 
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Figure 4-15 Module Performance Deterioration Relative to Production 
as Predicted by the Final Model.. (026090-15) 


The relation between performance loss at take-off (ground) conditions 
and performance loss at cruise (altitude) conditions was originally 
established in the in-service data evaluation phase (Reference 5) and 
confirmed with the flight test data. 

It should be noted that in-flight data cannot directly define actual 
thrust specific fuel consumption loss because of the lack of thrust 
measurement. Also, the limited number of measured parameters provide 
less Insight into Individual module contributions to performance 
losses. To accurately model In-flight thrust specific fuel consumption 
deterioration, it is necessary to start with sea level test stand data 
where both thrust and fuel flow, as well as sufficient parameters to 
make reasonable assessments of individual component contributions, are 
measured. Detailed part assessment and loads testing or structural 
simulation are necessary to further establish causes (clearance, 
erosion, etc.) by component. The model can then be confirmed at sea 
level against a variety of test data. The model then has sufficient 
validity to be exercised at cruise conditions and compared with cruise 
data. This is the approach established in the JT9D Engine Diagnostics 
Program. 

Engine flight performance deterioration was determined to be less at 
cruise than on the ground because the sensitivity to module 
deterioration is reduced by the ram effect which increases the 
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effective engine pressure ratio at cruise. This relationship Is based 
on flight data and Pratt ft Whitney Aircraft altitude test facility 
data. Cruise performance thrust specific fuel consumption change Is 
about 75 percent of ground thrust specific fuel consumption change with 
usage. 

The combined effect of the model refinements and ground-to-fl Ight 
deterioration rate correction are shown on Figure 4-14 « This figure 
identifies the rub-induced performance loss which occurs In acceptance 
testing. It also Identifies the deterioration caused by rub, erosion, 
and thermal distortion that Is predicted to occur In typical revenue 
service which Includes maximum gross weight operation. An Increase of 
2.1 percent In cruise thrust specific fuel consumption from all causes 
Is predicted for 2000 revenue flight cycles. 


SECTION 5.0 
CONCLUSIONS 


5.1 OVERVIEW 

The Pratt & Whitney Aircraft JT9I) Flight toads Tbst/Boelng-NAIL Program 
was a highly successful Joint program, both In Its execution and In the 
results achieved. Sponsorship by two different National Aeronautics 
and Space /^ministration research centers and execution by two 
aerospace corporations was conducted efficiently with all the program 
goals achieved. The results validated and expanded on our knowledge of 
the causes and magnitude of short-term JT9D-7A engine performance 
deterioration. 

5.2 FLIGHT LOADS 

o The aerodynamic loads measured during take-off were the largest of 
any flight loads and were higher than previously predicted by 
Boeing for earlier analytical studies on the effects of flight 
loads on performance deterioration, Reference 3. 

o The air stream inlet angle of attack with the fan inlet and the fan 
air flow rate determine the magnitude and direction of the 
aerodynamic load on the engine. These are, In turn, functions of 
airplane angle of attack, flap setting, air speed, and power 
setting. 

o Inertial loads were less severe than previous studies had Indicated 
and their effects were less then predicted. 

5.3 CLEARANCE CLOSURES 

o Maximum measured fan clearance closures occurred immediately 
following take-off rotation, concurrently with and in the direction 
of the maximum aerodynamic loads. 

o Use of a 20-degree flap setting at take-off rather than 10-degree 
flaps reduced the aerodynamic load, the fan clearance closure, and 
thus the resultant fan seal rub. Hence, for a given take-off gross 
weight, 20-degree flaps resulted In less performance deterioration. 

o There was no significant difference in aerodynamic loads and 
clearance closures between Inboard and outboard engine fans for all 
flight conditions. 

o Differential thermal expansion between case and rotor at high power 
was the prime cause of high-pressure turbine clearance closure. It 
combined with thrust- and aerodynamic load-induced case bending to 
maximize high-pressure turbine clearance closure during climb In 
the JT9D-7A test engine. 
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turbine running clearances. 

5.4 PERFORMANCE EFFECTS 
° 

validated prior data for short-term rub-induced performance 
deterioration of those JT9D modules. 

It should be noted that all ^^r^ce^daU^gaSng 0 ?* spe?Ul 
Diagnostics Program, Including in-service da 9 utilized 

analysis and performance deterioration modeling, uunzea 

jtoo- a’ engines. "us the perfomance deterioration Ijellctlons. 
inclusions? and recomendatlons apply to ezines with JT90-7 A 
technology. Knowledge gained fro* this program has and ' s cur f n t t1 ^ 
being applied to achieve improved performance retention charac 

In later engine models. 
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SECTION 6.0 
RECOMMENDATIONS 


This section presents changes In engine operating procedures, design 
changes, and future Investigative effort that should he considered to 
reduce the JTDD performance loss due to rubs, 

6.1 FLIGHT PROCEDURES 

It Is suggested that modifications to flight procedures be considered 
In order* to reduce high-load occurrences In both test (ground and 
flight acceptance testing and postrepair testing) and airline service, 

o During ground testing, extended high power operation should be 
curtailed, especially Immediately preceding a take-off. 

o During airplane acceptance flight testing, recovery from the stall 
warning maneuver can result In lower load levels If engine thrust 
Is not Increased to maximum level upon recovery. This procedure 
may be feasible because the altitude loss under these conditions 
may not be a problem. 

In airline service, use of the 20-degree flap setting, where allowable, 
and postponement of take-off rotation to a higher speed will tend to 
reduce the maximum inlet angle of attack, resulting in significant 
reductions in aerodynamic loads. 

Deceleration-acceleration limitations presented Reference 5, Section 6 
should be reviewed and followed. 

6.2 FURTHER DESIGN AND DEVELOPMENT 

The new recommendations following the Flight Loads Test are as follows: 

o Investigate methods of structurally Integrating the engine and 
nacelle to reduce the asymmetric closure due to aerodynamic and 
thrust loads. 

o Investigate further the extent and cause of thermally-induced 

closures In the high-pressure turbine with the goal of minimizing 
nonsymmetrl c closures. 

o Continue development of gas-path clearance control systems and 

abradable rub strips to provide closer running clearances. 

o Investigate possible changes In production engine calibration 
testing of new and overhauled engines to reduce the time spent at 
high power and thus reduce high-pressure turbine clearance closure 
and result! ng rubs. 
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Previous studies In the JT9D Engine Diagnostics Program have also 
resulted In design criteria and recommendations which are repeated 
here, where still applicable, for the sake of completeness: 

o Use derated power take-off when conditions permit to reduce hot 
section thermal distortion. 

? o Develop Improved erosion resistant coatings and materials for cold 

section airfoils and rub Strips. 

o Develop designs to reduce Ingestion of erosive materials Into the 
compressor section of the engine. 

o Develop designs to reduce hot section temperature profile shifts . 

J and the resultant thermal distortion of gas-path parts. Y 1 

o Include clearance monitoring in the development testing of new 
engines* 

o Improve maintenance procedures. 


These new and restated recommendations are discussed in greater detail 
In "Perf ormance Deterioration due to Acceptance Testing and Plight 

Inarlc ' 1 



APPENDIX 


ACRONYMS AND SYMBOLS 


A CRON YM i S ( Qr aq animations) 


BCAC Boeing Commercial Airplane Company 

NASA National Aeronautics and Space Administration 

OPEC Organization of Petroleum Exporting Countries 

P%WA Pratt Whitney Aircraft 


SYMBOLS 

A, a 
ACEE 
ADAMS 
CG 

EAS 
EC I 
EGT 
EPR 

EVC 

F 

FN, Fn 
G, g 

gyro 

GW 

HPC 

HPT 


Hz 

LPC 

LPT 

Max Q, q 
M 

MN, Mn 
N 

NAIL 


Acceleration 

Aircraft Energy Efficiency (Program) 

Airborne Data Analysis and Monitoring System 
Airplane center of gravity 

Equivalent air speed (knots, Mach number) 

Engine Component Improvement (Program) 

Exhaust gas temperature (°C) 

Engine pressure ratio 

Engine vane control 
Force (pounds) 

Net thrust (pounds) 

Gravity, gravitational constant 

Gyroscopic, gyroscope 
Gross wei ght 

Hi gh-pressure compressor 
High-pressure turbine 

Hertz 

Low-pressure compressor 

Low-pressure turbine 

Airplane maximum dynamic pressure 

Moment (inch-pounds) 

Mach number 
Rotor speed (rpm) 

Nacelle Aerodynamic and Inertial Loads (NASA Program) 


NASTRAN NASA STRu ctural ANalysis (computer program) 

P Pressure (psia, lb/in^) 

q Dynamic pressure 

RPM, rpm Revolutions per minute 


SYMBOLS (Cant'd.) 

SLS Sea level static 

SP Special Performance (Boeing 747SP airplane) 

T Temperature (°F) (°C) 

T06W Take-off gross weight (pounds) 

TSFC Thrust specific fuel consumption (Ib/hr-lb) 

W Weight flow (lb/hr) (Ib/min) 

a Inlet airflow angle of attack (degrees) 

p Vane angle (degrees) 

A Change 

0 Circumferential location (degrees) 

0 , o, 4* Acceleration components 


SUBSCRIPTS * 


1 Undisturbed inlet (pressures and temperatures) 

1 Low-pressure rotor (rotor speeds) 

2 Fan inlet (pressures and temperatures) 

2 High-pressure rotor (rotor speeds) 

2.4 Fan blade discharge 

2.5 Fan exit guide vane inlet 

2.6 Fan exit guide vane discharge 

3 Low-pressure compressor discharge 


4 High-pressure compressor discharge 

4.5 Combustor borescope location 

5 High-pressure turbine inlet 

6 High-pressure turibne discharge 

7 Low-pressure turbine discharge 

amb Ambient 

f Fuel 

i Inner 


S, s Static 

T, t Stagnation (total) 

x, y, z Directional coordinates 


* For simplicity, subscripts may be written "on the line" of type, 
especially in text. 
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